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ABSTRACT
A recent discovery of the periodic activity of the repeating fast radio burst source FRB
180916.J0158+65 in the Canadian Hydrogen Intensity Mapping Experiment (CHIME)
hints at possible origin of the FRB from a freely precessing neutron star with a magne-
tar magnetic field of about 1016 G. However, the absence of simultaneously detected
high-energy emission in the Swift and AGILE observations imposes stringent con-
straints on the field magnitude and questions the possibility of such a progenitor. We
show that consideration of forced precession of a neutron star does not encounter the
difficulty. This kind of precession takes place even if the neutron star is not deformed
and is brought about by the anomalous moment of electromagnetic forces induced
by stellar rotation and determined by non-corotational currents. Contrary to what is
expected for the currents of corotation, the anomalous torque calculated by the direct
method appears to be non-zero. If the observed 16.35-day period corresponds to the
period of stellar precession, the inferred internal magnetic field appears to be about
6 × 1014 G for rotational period 1 s. For another possibly periodic FRB 121102 with
157-day period the magnetic field is even lower, 2 × 1014 G, thereby justifying ear-
lier considerations and not ruling out the hypothesis of FRB origin from precessing
neutron stars.
Key words: fast radio bursts – radio continuum: transients – stars: neutron – stars:
magnetars – stars: magnetic field – stars: rotation
1 INTRODUCTION
Fast radio bursts (FRBs) are cosmic transients reveal-
ing themselves as solitary bursts of millisecond duration
(Petroff et al. 2019; Cordes & Chatterjee 2019). High dis-
persion measures and association of 5 sources with host
galaxies (redshift range 0.03-0.66) imply cosmological dis-
tances to FRBs (Tendulkar et al. 2017; Bannister et al.
2019; Ravi et al. 2019; Prochaska et al. 2019; Marcote et al.
2020). At present, the bursts are detected exclusively in ra-
dio, usually at frequencies ∼ 1 GHz with typical energy
flux ∼ 1 Jy and total energy release on the assumption of
isotropy ∼ 1040 erg. In 2016, the first repeating FRB activity
was discovered (Spitler et al. 2016), pertaining to the earlier
known FRB 121102, and over the past year the number of re-
peating sources is significantly increased, now amounting to
20 (Andersen et al. 2019; Kumar et al. 2019; Fonseca et al.
2020).
FRB 180916.J0158+65 was first detected in the Cana-
⋆ E-mail: sobyanin@lpi.ru
dian Hydrogen Intensity Mapping Experiment (CHIME)
through 10 bursts in the frequency band 400–800 MHz
with the peak flux lying in the range 0.4–4 Jy as a radio
source analogous to other repeating FRBs (Andersen et al.
2019). Subsequent VLBI observations allowed one to asso-
ciate FRB 180916 with a star-forming region in the massive
spiral hosting galaxy SDSS J015800.28+654253.0 located at
a distance of about 150 Mpc from us, making the FRB the
closest among the presently detected (redshift z ≈ 0.034)
(Marcote et al. 2020). FRB 180916 attracted immense in-
terest after the discovery of an unexpected regular activity
characterized by the existence of a periodic 16-day modula-
tion: The observed radio bursts appear to be distributed
not randomly but are concentrated in 5-day time inter-
vals around epochs of peak activity without detection be-
yond the intervals, and the epochs repeat every 16.35 days
(Amiri et al. 2020). Very recently, the FRB was also de-
tected at even lower radio frequences, 3 bursts at 328 MHz
with the Sardinia Radio Telescope (Pilia et al. 2020) and 7
bursts in the frequency range 300–400 MHz with the Green
Bank Telescope (Chawla et al. 2020). In addition, informa-
c© 2020 The Authors
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tion about possible detection of periodicity from the already
mentioned first repeater FRB 121102 with the Lowell Tele-
scope was appeared, and the most likely period ∼ 157 days
was proposed (Rajwade et al. 2020).
The nature of single, repeating, or periodic FRBs is not
established unambiguously so far, and there were proposed
numerous theoretical models relating FRBs to neutron
stars, black holes, or more exotic objects (Popov & Postnov
2013; Pen & Connor 2015; Liebling & Palenzuela 2016;
Murase et al. 2016; Metzger et al. 2017; Istomin 2018;
Yang & Dai 2019; Connor et al. 2020; Ioka & Zhang 2020;
Beniamini et al. 2020; Chernoff et al. 2020; Dai & Zhong
2020; Lyutikov et al. 2020; Lyutikov & Popov 2020;
Yang & Zou 2020). The bursting periodicity of FRBs
naturally implies some underlying periodic physical phe-
nomenon. For example, tilted accretion discs around
rotating black holes experience Lense-Thirring precession
leading to concomitant precession of the generated rela-
tivistic jets, and an indication of this scenario is seemingly
observed for the M87 jet as its quasi-periodic sideways
shift (Sob’yanin 2018). This idea was used to explain the
observed periodicity of FRB 180916 as being related to
jet precession (Katz 2020). An alternative explanation
draws an idea of free precession of a neutron star the
magnetic field of which is strong enough to cause stellar
deformation and may even reach ∼ 1016 G, which hints at
the possible magnetar nature of the FRB (Levin et al. 2020;
Zanazzi & Lai 2020). This mechanism of the appearance of
free precession was invoked earlier to explain the observed
slow phase modulation of periodic pulsations in hard
X-rays from the magnetar 4U 0142+61 and gave the same
magnitude of the magnetic field (Makishima et al. 2014).
Meanwhile, Tavani et al. (2020) have studied the Swift
and AGILE observations of FRB 180916 with a special fo-
cus on the 5-day time intervals in which the FRB is active
in radio and also searched any temporal coincidence at mil-
lisecond time scales between the known radio bursts and
possible high-energy events. The large energy output of the
FRB in radio naturally implied possible concomitant high-
energy emission, which would somehow clarify the nature
of the FRB itself and the physical phenomenon underly-
ing its unusual periodic activity. Quite unexpectedly, there
was no detection of any simultaneous event or any extended
X-ray and γ-ray emission on time scales of hours, days, or
weeks. The negative result allowed the authors to obtain
upper limits on the high-energy emission from this source,
∼ 1.5 × 1041 erg s−1 for isotropic X-ray luminosity (range
0.3− 10 keV) and the flux an order of magnitude higher for
average gamma luminosity (range > 100 MeV).
On the basis of these energy limits, Tavani et al. (2020)
derived a constraint applicable to a neutron star of magnetar
type that might be responsible for the observed bursting
activity of the periodic FRB,( R
10 km
)3( B
1016 G
)2( τ
108 s
)−1
. 1, (1)
where R is the stellar radius, B is the internal magnetic
field, and τ is the characteristic time of magnetic dissipation.
From relation (1) the authors concluded that the values of
τ in the order of the time scales of the conducted observa-
tions are generally incompatible with the existence of a high
magnetic field of 1016 G in the magnetar-like progenitor of
FRB 180916. Only a magnetar with extreme properties in
terms of its magnetic field or dissipation process might power
the observed radio bursts. After a millisecond radio burst the
hypothetic magnetar should experience overall relaxation on
a much longer time scale.
In this paper we intend to show that the above clash of
the theoretical hypothesis of the magnetar origin of periodic
FRBs and the present results of radio and high-energy obser-
vations does not emerge when considering forced precession
of a strongly magnetized neutron star. Such precession of the
neutron star, which may even be non-deformed, is caused by
electromagnetic forces induced by stellar rotation. As a re-
sult, the internal magnetic field an order of magnitude less
appears to be sufficient to explain the observed FRB peri-
odicity.
2 PRECESSION, ELECTRIC CURRENT, AND
COROTATION PARADOX
A rotating body the ellipsoid of inertia of which is a sphere
cannot precess freely (the sphere and cube of constant den-
sity are the simplest examples of such bodies). Free preces-
sion of a magnetized neutron star stems from the appearance
of stellar deformation, e.g., caused by a sufficiently strong
magnetic field. The deformed sphere loses spherical symme-
try, and the tensor of inertia is no longer proportional to the
unit matrix, so that one has a biaxial or triaxial situation
leading to precession even without applied moment of forces.
However, if the ellipsoid of inertia remains a sphere,
e.g., when magnetic deformation is ineffective because of in-
sufficiently strong magnetic field or its complex structure
leading to possible compensation, precession can appear if
the moment of forces acting on the body is non-zero. This
forced precession, once one assumes the hypothetic link be-
tween periodic FRB repeaters and precessing neutron stars,
will have the same observational consequences as free preces-
sion, which are already discussed thoroughly in (Levin et al.
2020; Zanazzi & Lai 2020). We will not repeat them here and
refer the interested reader to these works but instead look
into the origin of forced precession.
Analogously to (Zanazzi & Lai 2020), we model a neu-
tron star as a perfectly conducting magnetized sphere that
rigidly rotates about a fixed point (the form may be arbi-
trary). The internal electric and magnetic fields then satisfy
(Sob’yanin 2016)
dB
dt
= Ω×B, (2)
dE
dt
= Ω×E−w ×B, (3)
where d/dt = ∂/∂t+v·∇ is the full time derivative, v = Ω×r
is the velocity, and w = Ω˙× r is the rotational acceleration
(c = 1 throughout the paper). The rotation is assumed ar-
bitrary, i.e., the absolute value and direction of the angu-
lar velocity Ω may change with time. Equation (2) shows
magnetic corotation: the magnetic field is frozen-in in the
medium and moves synchronously with it even when the an-
gular velocity vector changes with time. By contrast, equa-
tion (3) indicates that the electric field corotates when the
angular velocity vector is constant, in which case w = 0 and
dE/dt = Ω×E. The electric and magnetic fields are related
MNRAS 000, 1–8 (2020)
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via the condition of infinite conductivity,
E = −v ×B. (4)
The total electric current is determined by one of
Maxwell’s equations,
j =
1
4π
(
∇×B−
∂E
∂t
)
, (5)
and can conveniently be represented as the sum of three
parts,
j = jm + jΩ + jΩ˙. (6)
where
jm =
∇×B
4π
, (7)
is the magnetization current existing irrespective of the val-
ues of Ω and Ω˙,
jΩ =
v
4π
×
[
∇× (v×B)
]
. (8)
is the rotation current existing when Ω 6= 0, and
jΩ˙ =
w ×B
4π
. (9)
is the acceleration current existing when Ω˙ 6= 0.
Now consider a sphere rotating with constant angular
velocity. The acceleration current then vanishes and the to-
tal current is the sum of the magnetization and rotation
currents, j = jm + jΩ. Let us examine whether the cur-
rent corotates. The magnetization current corotates always:
since the magnetic field is frozen in, the magnetization cur-
rent, proportional to its curl, is also frozen in, and for jm the
same corotation equation as for B is valid, djm/dt = Ω×jm.
When Ω is constant, the total acceleration is the axipetal
acceleration only, dv/dt = Ω×v, which implies corotation of
the velocity; therefore, the rotation current corotates as it is
expressed via the corotating quantities v and B, see (8). We
see that the total current density corotates for constant Ω,
dj
dt
= Ω× j. (10)
Since the internal electric field also corotates for con-
stant Ω, so does the charge density, determined by its diver-
gence, ρ = ∇ ·E/4π:
dρ
dt
= 0. (11)
The charge density at every point in the sphere moves with
the velocity of the medium at the point, so it seems nat-
ural that the current is the so-called corotation current
(Beskin & Zheltoukhov 2014)
jc = ρv, (12)
which could appear due to the motion of the corotating
charge density, i.e., that the charge and current densities
are connected via the corotation relation j = jc.
Remarkably, this is not so,
j 6= jc, (13)
which constitutes a corotation paradox. In everyday situ-
ation, when we have a resting conducting matter subject
to external action of electromotive force (say, a wire with
an electric current generated by an external battery), the
paradox does not emerge because the current is created by
an external electric field, not by the motion of the matter
itself, and is determined by the resistance. Meanwhile, in
the framework of ideal relativistic magnetohydrodynamics,
when any external electromagnetic action is absent and the
charges and currents are related to the motion of the per-
fectly conducting medium having zero electric field in the co-
moving frame of reference, the question as to whether j = jc
becomes non-trivial. For example, when relativistic motion
of a plasma in the M87 jet is considered, the charge density
(times c) per unit length in a magnetic tube appears to be
in the order of the electric current flowing in the tube with-
out any artificial assumptions (Sob’yanin 2017). However,
we will see on a specific example that were the corotation
relation to hold generally, Maxwell’s equations would not be
satisfied.
3 ILLUSTRATIVE EXAMPLE
In relation to the problem of the anomalous torque,
Beskin & Zheltoukhov (2014) discuss an example: A neu-
tron star of radius R has a uniform magnetic field inside
a sphere of radius R0 < R, the centre of which coincides
with the stellar centre. Outside the sphere, inside the area
R0 < r < R, the neutron star has a dipole magnetic field.
The magnetic field distribution is not smooth on the sphere
r = R0. On the basis of this distribution we will construct
a magnetic field distribution that has no singularities and is
smooth, infinitely differentiable, everywhere in the neutron
star. Such a distribution will allow us to have smooth and
finite charge and current densities at every point, avoid sin-
gularity problems, and demonstrate explicitly violation of
the corotation relation.
We consider a conducting sphere of radius R in which
there are three distinct areas: an inner sphere 0 6 r < R1,
an intermediate spherical layer R1 6 r < R2, and an outer
spherical layer R2 6 r < R. We assume that the magnetic
field is uniform in the area 0 6 r < R1 and dipole in the
area R2 6 r < R. In the intermediate area R1 6 r < R2 the
magnetic field should somehow connect smoothly the fields
in the inner and outer areas.
Let us construct such a smooth field. It can be repre-
sented via a vector potential A, like any magnetic field,
B = ∇×A. (14)
The vector potential A = B0 × r/2 corresponds to the uni-
form field B0 in the inner area, and the vector potential
A = m × r/r3 corresponds to the the dipole field in the
outer area, where m = mem is the magnetic dipole moment
parallel to B0 = B0em and giving the direction of the mag-
netic axis em. We then need to construct a vector potential
for the intermediate area.
Firstly, note that we may consider the field B0 in the
inner area as the field at the magnetic axis. Secondly, the
field at the magnetic axis in the outer area is 2m/r3, and
we can present the vector potential in the form analo-
gous to the form of the vector potential in the inner area,
A = (2m/r3)× r/2. Thus, in the case of the absence of the
intermediate area, when R0 = R1 = R2, we can write the
overall vector potential for the whole area 0 6 r < R in the
MNRAS 000, 1–8 (2020)
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form
A =
Bm × r
2
, (15)
where
Bm = Bm(r) em (16)
is the magnetic field at the magnetic axis, whose absolute
value Bm(r) depends on the radial coordinate only. Since on
the sphere r = R0 the normal component of B is continuous
due to ∇ · B = 0, the function Bm(r) is also continuous,
though not smooth: Bm(r) = B0 when 0 6 r < R0 and
Bn(r) = B0(R0/r)
3 when R0 6 r < R.
In the general case R1 < R2, when the intermediate
area exists, we construct the vector potential so that it has
the same form (15) in the whole area 0 6 r < R and the
absolute value of the field at the magnetic axis is smooth
and coincides with Bm(r) for the uniform field in the inner
area and for the dipole field in the outer area. The vector
potential is then smooth, and so is the magnetic field (14).
To make a transition from the uniform to dipole field
in the intermediate area R1 6 r < R2, we choose the to-
tal field as a weighted sum of the uniform and dipole fields,
Bm(r) = [1 − F (r)]B0 + F (r)B0(R1/r)
3, where F (r) is a
weight corresponding to the proportion of the dipole field
in the whole field. The weight is 0 in the inner and 1 in
the outer area, and it increases monotonously from 0 to 1
as r increases from R1 to R2. We should choose a smooth
F (r) for a smooth Bm(r). We may consider F (r) a probabil-
ity distribution function, and the corresponding probability
density p(r) = F ′(r) is smooth and vanishes for r 6 R1 and
r > R2. The F (r) itself is then
∫ r
p(x)dx.
It remains to choose p(x). We start with a smooth cap
function (Vladimirov 2002)
ωε(x) =


C0
ε
exp
(
−
ε2
ε2 − x2
)
, −ε < x < ε,
0, x 6 −ε or x > ε,
(17)
where ε > 0 and C0 = 1/
∫ 1
−1
exp[−1/(1− x2)]dx ≈ 2.25, so
that ωε(x) is properly normalized,
∫
ωε(x)dx = 1. We can
construct p(x) with the necessary properties thus: p(x) =
ωε(x−R0), where R0 = (R1 +R2)/2 and ε = (R2 −R1)/2.
Then we find F (r) and obtain the smooth field at the mag-
netic axis,
Bm(r) =


B0, 0 6 r < R1,
B0
∫ ε
r−R0
ωε(x)dx+B0(R1/r)
3
∫ r−R0
−ε
ωε(x)dx,
R1 6 r < R2,
B0(R1/r)
3, R2 6 r < R.
(18)
Finally, we calculate the smooth magnetic field in the
whole sphere by using (14)–(16),
B =
[
Bm(r) +
1
2
rB′m(r)
]
em −
1
2
rB′m(r) erer · em, (19)
where prime denotes the r derivative and er = r/r.
Let us find the form of the magnetic field lines. We
calculate from (19) the components of the magnetic field in
the spherical coordinates r, θ, φ with the magnetic axis em
Figure 1. Illustrative smooth distribution of the magnetic field
in the rotating conducting sphere.
as the polar axis:
Br = Bm(r) cos θ, (20)
Bθ = −
[
Bm(r) +
1
2
rB′m(r)
]
sin θ, (21)
Bφ = 0. (22)
The differential equation for a magnetic field line is
dr
Br
=
rdθ
Bθ
(23)
and means that an elementary line element dl = (dr, rdθ)
is parallel to the field. Noticing that Bm(r) + rB
′
m(r)/2 =
[r2Bm(r)]
′/2r, we integrate (23) and arrive at the equation
determining the form of the magnetic field lines,
(r sin θ)2Bm(r) = C, (24)
where C is a constant parameterizing the lines and being
related to their position in the sphere. In the inner area
equation (24) reduces to r sin θ = r1 and describes a line
parallel to the magnetic axis, with r1 =
√
C/B0 being the
distance between the line and the axis. In the outer area
(24) takes on the form r = r2(sin θ)
2 and describes a dipole
field line, with r2 = B0R
3
1/C being the distance between
the centre and the point of intersection of the line with the
magnetic equatorial plane θ = π/2 in the outer area.
Figure 1 shows the constructed smooth distribution of
the internal magnetic field. We have chosen a sphere of ra-
dius R with parameters R1 = R/5 and R2 = 2R/5 in order
to clearly show the field peculiarities. The magnetic field is
uniform in the inner area 0 6 r < R1, dipole in the outer
area R2 6 r < R, and gives the required smooth transi-
tion in the intermediate area R1 6 r < R2. The magnetic
field lines shown correspond to a series of
√
C/B0/R from
0 (magnetic axis) to 0.24 (last closed lines around the two
points in the intermediate area) by step 0.02. Some of the
lines starting in the inner area close in the intermediate area,
the rest pass through the intermediate area and either close
in the outer area or go outside the sphere. Some closed lines
lie entirely in the intermediate area. The lines degenerate
into the points when the magnetic field vanishes, in which
case
√
C/B0/R reaches a maximum of ≈ 0.25. The points
lie in the magnetic equatorial plane at a distance of ≈ 0.27R
from the magnetic axis.
MNRAS 000, 1–8 (2020)
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4 VIOLATION OF MAXWELL’S EQUATIONS
Now we may return to the corotation paradox and demon-
strate that the relation j = jc does not hold generally and is
in conflict with Maxwell’s equations in our illustrative exam-
ple. For a constant angular velocity, we get from Maxwell’s
equations
∇× (B− v ×E) = 4π(j− jc). (25)
Were j = jc, we would have ∇× (B− v ×E) = 0 and∮ [
(1− v2)B+ vv ·B
]
· dl = 0, (26)
where integration is performed over arbitrary closed contour
lying inside the sphere; we have used Stokes’s formula and
taken account of (4).
The internal magnetic field is determined by (19), and
the magnetic axis em is generally inclined with respect to
the rotation axis ez (π/6 arbitrarily chosen in Fig. 1). We
may choose a contour of integration that lies in the plane
passing through ez and em. The integral of the last term
in (26) then vanishes because B is orthogonal to v in this
plane,∮
dl · vv ·B = 0. (27)
Among all contours lying in the plane we now choose a con-
tour that coincides with a closed magnetic field line. For
instance, we may choose as a contour the magnetic field line
L given by (24) with C = B0R
2/100 (see Fig. 1). Since
v < 1, B · dl = B dl, and B > 0, we have∮
(1− v2)B · dl > 0. (28)
Thus, equation (26) is clearly violated for the contour L,
which makes inequality (13) evident.
How to resolve the corotation paradox? The charge den-
sity corotates with the sphere, but the corotation is a special
case of the change. A change in the charge density is brought
about by the currents, and we have the charge conservation
law
∂ρ
∂t
+∇ · j = 0. (29)
The currents are determined by the motion of different types
of charges, but corotation of the charged particles themselves
in not required to provide corotation of the charge density.
The particles can move in any way if only such currents are
provided whose divergence gives such a change in the charge
density that a toroidal motion of this density with velocity
of motion of the matter effectively takes place.
For completeness, consider the distribution of the elec-
tric current in our example. The total current contains two
contributions,
jm =
[
4B′m(r) + rB
′′
m(r)
]er × em
8π
(30)
and
jΩ =
em · v
4π
[
Bm(r)Ω+
1
2
rB′m(r)erer ·Ω
]
. (31)
The magnetization current jm is a toroidal current sym-
metrical with respect to the magnetic axis em and is non-
zero only in the intermediate area of the sphere. Figure 2(a)
Figure 2. Illustrative distribution of the magnetization (a) and
rotation (b) currents in the rotating conducting sphere.
shows the jm distribution in a half plane passing through em.
The distribution is axisymmetric, i.e., does not depend on
the azimuthal angle φ determining the position of the half
plane. The magnetization current is orthogonal to the half
plane, and its density is shown with the help of color scale.
There are both the direct magnetization current whose di-
rection agrees with the magnetic axis direction via the screw
rule, and the inverse magnetization current whose direction
is opposite. The positive density corresponds to the direct
and the negative to the inverse magnetization current. The
current density is normalized over the maximum inverse
magnetization current, and the maximum direct magneti-
zation current has a normalized density of ≈ 0.90.
The rotation current jΩ, in contrast to jm, is a poloidal
current, with the current lines lying in the planes passing
through the rotation axis ez. Figure 2(b) shows the jΩ dis-
tribution in a half plane passing through ez. The distribution
is not axisymmetric as the density and direction of the rota-
tion current depend on the azimuthal angle ϕ determining
the position of the half plane (the value ϕ = 0 may be as-
cribed to the half plane in which the positive direction of the
magnetic axis lies), but the structure of the distribution is in
itself the same, and the shown current lines are completely
identical in any half plane. Note also that jΩ vanishes in the
plane passing through the rotation and magnetic axes, which
corresponds to ϕ = 0 and π. When 0 < ϕ < π, the current
lines intersect the equatorial plane from top to bottom, and
when π < ϕ < 2π – from bottom to top.
Thus, the real electric current differs from the formal
corotation current both in magnitude and in direction. This
is especially evident in the inner and outer areas of the
sphere, where the magnetization current vanishes and the
total current is the poloidal rotation current, which is or-
thogonal to velocity. In turn, the toroidal corotation current
is parallel to velocity, so the electric current is orthogonal
to the corotation current in these areas. Here an effective
toroidal motion of the charge density is provided by poloidal
currents. The same can be taken in the intermediate area
since the non-zero magnetization current does not contribute
to the change in the charge density, ∇ · jm = 0.
We can observe some hydrodynamic analogy with the
case of gravity waves on a fluid surface: the waves propagate
MNRAS 000, 1–8 (2020)
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over the surface with a positive velocity, whereas the fluid
particles, whose motion essentially determines the existence
and type of the waves, do not move with this velocity but
circle uniformly round fixed points, so that their average
velocity is zero (Landau & Lifshitz 1987).
5 ANOMALOUS TORQUE
We have already mentioned the possibility of precession of
a neutron star as a result of deformation, and then we dealt
with free precession, when the torque, the moment of forces,
is absent (Euler’s case). Under the influence of a non-zero
torque the neutron star experiences forced precession, and
the torque is of electromagnetic nature,
M =
∫
r× (ρE+ j×B) dV, (32)
where integration is performed over the stellar volume in-
cluding the surface. The torque inducing forced preces-
sion emerges as a result of stellar rotation and represents
the so-called anomalous torque, i.e., the torque signifi-
cantly exceeding the usual spin-down torque, by the factor
(ΩR)−1 ∼ 103 − 104. Despite the long history of the sub-
ject (Davis & Goldstein 1970; Goldreich 1970; Melatos 2000;
Istomin 2005; Beskin & Zheltoukhov 2014; Zanazzi & Lai
2015), so far there is no single opinion on how to calcu-
late the torque and what is its exact value even in the case
of a rotating uniformly magnetized sphere. Meanwhile, with
all necessary fields, charges, and currents in hand, we are
in position to calculate this torque using the direct method,
i.e., summing the moments of all Lorentz forces acting on
the sphere with equation (32).
We consider the case of a neutron star with a plasma-
filled magnetosphere. We assume that electromagnetic dis-
continuities at r = R and corresponding surface charges
and currents are absent because of the existence of a dense
surrounding electron-positron plasma. Even if the stan-
dard pulsar-like plasma generation does not occur, the
neutron star is immersed in the background of cosmic
gamma radiation, which illuminates the magnetosphere and
causes one-photon pair production giving the needed plasma
(Istomin & Sob’yanin 2011a,b).
The discussion of the validity of the corotation relation
given in detail in the preceding sections allows us to conclude
thatM 6= 0. This is very important in light of the earlier con-
clusion that M = 0 based on the corotation relation, when
a torque on the conducting sphere in vacuo can be gener-
ated by surface discontinuities only (Beskin & Zheltoukhov
2014). The latter conclusion can readily be verified by substi-
tuting j = ρv into (32) and remembering (4). It also remains
in force when the surface charges and currents are non-zero
but related analogously by jsurf = ρsurfv. We see that the
corotation relation should never be adopted artificially. In
our case, inequality (13) underlies the very possibility of
considering forced precession as a probable reason for the
observed periodic activity of FRBs.
For a uniform internal magnetic field B, the magnetiza-
tion current vanishes, so the total current is given by (31),
j = Ω
v ·B
4π
= −Ωr ·
Ω×B
4π
, (33)
while the charge density is constant,
ρ = −
Ω ·B
2π
. (34)
The electric field has the form
E = Ωr ·B− rΩ ·B. (35)
Substituting equations (33)–(35) into (32) then gives
M =
∫ [
−ρΩ× rr ·B+
Ω×B
4π
× rr · (Ω×B)
]
dV. (36)
Since∫
rr dV =
4π
15
R5I, (37)
where I is the unit tensor, we use a×I ·b = a×b and finally
get the anomalous electromagnetic torque acting on the ro-
tating uniformly magnetized perfectly conducting sphere in
the absence of surface charges and currents,
M =
2R5
15c2
Ω×BΩ ·B =
8
15Rc2
Ω×mΩ ·m, (38)
wherem = BR3/2 is the magnetic moment (c restored). Ev-
idently,M 6= 0. The value (38) differs from previous results
(Davis & Goldstein 1970; Goldreich 1970; Melatos 2000;
Istomin 2005; Beskin & Zheltoukhov 2014; Zanazzi & Lai
2015), but there is no contradiction because only the vacuum
torque was studied in these works.
6 MAGNETIC FIELD ESTIMATION FOR
PERIODIC FRBS
It remains to relate the torque to the observed precessional
period Pprec, presumably being the modulation period of
the FRB activity, and estimate the corresponding internal
magnetic field. The rotating neutron star is analogous to
the gyroscope, and if we consider a biaxial gyroscope with
principal moments of inertia A = B and C, the latter cor-
responding to the axis of dynamical symmetry, the basic
gyroscopic formula reads (Markeev 1999)
M = ω2 ×ω1
[
C + (C − A)
ω2
ω1
cos θ0
]
, (39)
where M is the torque inducing forced precession, ω1 and
ω2 are the angular velocities of proper rotation and preces-
sion, respectively, and θ0 is the angle of nutation. Note that
precession of the neutron star means rotation of the angular
velocity around the axis of dynamical symmetry in the ro-
tating frame of reference frozen-in into the star. Therefore,
the angular velocity of precession of the neutron star, Ωprec,
corresponds to the angular velocity of proper rotation of the
equivalent gyroscope, ω1 = Ωprec. The angular velocities Ω
and Ωprec simultaneously execute precession in the labora-
tory frame of reference with angular velocity ω2 = Ω−Ωprec.
In the case of an anomalous torque, the magnetic axis is
considered as the precessional axis, Ωprec = Ωprecem, where
Ωprec = 2π/Pprec is the precessional frequency of the neutron
star. Then putting ω2 ≈ Ω and θ0 ≈ θm in (39) on the
basis of the inequality Pprec ≫ P , where Ω = 2π/P is the
rotational frequency, P is the rotational period, and θm is
the angle of magnetic inclination, and comparing to (38), we
obtain the precessional period
Pprec =
P
(ǫ+ ǫeff) cos θm
, (40)
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where ǫ = (A− C)/C is the parameter of deformation and
ǫeff =
2
15c2
R5B2
C
= 1.33 × 10−7
( M
1.4M⊙
)−1( R
10 km
)3( B
1015 G
)2
,
(41)
with M being the stellar mass and C ≈ J = 2MR2/5, is an
effective parameter corresponding to a fictitious deformation
such that in a fully dynamically symmetric case, when ǫ = 0,
forced precession of the non-deformed star is equivalent to
free precession of the so-deformed star.
Zanazzi & Lai (2020) adopt the different effective pa-
rameter ǫ∗eff = 3R
5B2/20c2J , which will take place if one
assumes that the anomalous torque is given by the flux of
electromagnetic angular momentum entering the surface of
the neutron star rotating in vacuo. On the one hand, this flux
differs from the torque calculated by the direct method; be-
sides, the vacuum magnetosphere is tacitly implied. On the
other hand, our consistent consideration of electromagnetic
fields, charges, and currents gives almost the same effective
deformation parameter ǫeff ≈ ǫ
∗
eff, with the factor 1.33×10
−7
instead of 1.5 × 10−7 in equation (41). Thus, the results of
this work justify the previous estimates of Zanazzi & Lai
(2020) in the numerical sense and, most importantly, give
the sense to consideration of the effect of anomalous torque
on precession, implied to be zero in the case of corotational
currents.
The anomalous torque in not the only reason for preces-
sion, and other contributions are related to the real stellar
deformation inducing free precession. For example, the pre-
cessional frequencies from magnetic deformation ǫB of the
stellar matter are expected to be larger than those from the
anomalous torque by the ratio (Melatos 2000; Zanazzi & Lai
2015)
ǫB
ǫeff
= λ
R
Rg
, (42)
where Rg = GM/c
2 is the gravitational radius and the di-
mensionless factor λ depends on the exact field geometry,
and can be less if the neutron star has a significant toroidal
magnetic field (Mastrano et al. 2013, 2015). Other contri-
butions are considered in Zanazzi & Lai (2020) and are less
effective, so we will not repeat these results here. We ob-
tain from equations (40)–(42) the following estimate for the
internal magnetic field of a precessing neutron star,
B = c
√
15J
2R5 cos θm
P
Pprec
1
1 + λR/Rg
∼ 7.45 × 1017 G
√
P
Pprec
,
(43)
where M = 1.4M⊙, R = 10 km, cos θm = 1, and λ = −3
(corresponding to β = −1 in ǫB = βR
4B2/GM2) are
adopted in the rightmost expression. The negative β is cho-
sen for formal consistency with using the poloidal field in the
calculations of the anomalous torque, which induces oblate-
ness, but the positive β will give a comparable estimate.
The rotational period is unknown, and we may only as-
sume the typical rotational period for neutron stars, P ∼
1 s. For FRB 180916 with Pprec = 16.35 d we then have
B ∼ 6× 1014 G, which is the magnetar field but is an order
of magnitude less than the previously assumed 1016 G. If
such situation is indeed realized, relation (1) proposed by
Tavani et al. (2020) no longer excludes the magnetar nature
of FRBs: for the maximum observational time τ ∼ 105 s
the admissable magnetic field is ∼ 3 × 1014 G; this con-
straint may simply imply slightly faster rotation of the pos-
sible progenitor of FRB 180916, with P ∼ 0.2− 0.3 s. As to
another possibly repeating FRB 121102 with Pprec = 157 d,
for P ∼ 1 s we have B ∼ 2× 1014 G not exceeding the ad-
missible field, so that P ∼ 2 − 3 s is possible. Note finally
that the dissipative times probably exceed the observational
times of Tavani et al. (2020) and allow longer rotational pe-
riods and higher magnetic fields. Destruction of precession
by vortex pinning in the obtained relatively low magnetic
fields (Shaham 1977; Link & Epstein 1997; Sedrakian et al.
1999; Akgu¨n et al. 2006) may be prevented by the assump-
tion that the superfluid is pinned in the region located in
the stellar interior (Goglichidze & Barsukov 2019).
7 CONCLUSIONS
In this work the connection of the recently detected periodic
FRB repeaters with magnetized neutron stars precessing in
a forced manner has been studied. The study is motivated
by trying to overcome the constraints on the magnetic field
that follow from the joint X-ray and γ-ray observations of
FRB 180916 and pose some difficulties for considerations of
strongly magnetized neutron stars. Forced precession takes
place even if stellar deformation is absent, but then it re-
quires a torque acting on the star. Directly summing the
moments of Lorentz forces, we have shown that this anoma-
lous torque of electromagnetic nature appears to be non-zero
and owes its existence to non-corotational electric currents
induced by stellar rotation. Using the gyroscopic formula
to consider the effects of both the torque and the deforma-
tion, we have estimated the internal magnetic field through
the rotational and precessional periods of the neutron star,
the latter period presumably corresponding to the observed
periodic modulation of the repeating FRB activity. The ob-
tained values appear to be an order of magnitude less than
those bringing problems from the conclusions of the high-
energy observations and thus allow the hypothesis of the
origin of at least some FRBs from precessing neutron stars
to remain plausible.
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